Introduction
The upper troposphere/lower stratosphere (UTLS) plays a key role in chemistry-climate interactions. Carbon monoxide (CO) and ozone (O 3 ) concentrations change rapidly across the UTLS. High concentrations of O 3 (low concentrations of CO) in the lower stratosphere contrast with low concentrations of O 3 (high concentrations of CO) in the upper troposphere. Holton et al. (1995) defined the lowermost stratosphere (LMS) as being below the 380 K isentrope and above the dynamical tropopause (usually defined in a range between 1.5 and 3.5 potential vorticity units (PVU)). Previous studies, using in situ measurements of stratospheric and tropospheric trace gases, have shown that the LMS has intermediate characteristics between the troposphere and the stratosphere Hoor et al., 2002; Pan et al., 2004) . Rapid changes in time and space of tracers at the UTLS are controlled by mixing processes between the stratosphere and the troposphere. An extratropical transition layer (ExTL) of atmospheric tracers is present in the LMS above the extratropical dynamical tropopause. The World Meteorological Organization (2003) defined the ExTL as a transition layer with chemical characteristics intermediate between the upper troposphere and the lower stratosphere maintained by exchanges across the tropopause.
Diagnostics using tracer-tracer correlation can locate the ExTL in an empirical way. Fischer et al. (2000) , Hoor et al. (2002) and Pan et al. (2004) used aircraft in situ measurements to provide an analysis of trace gas (H 2 O, CO, CO 2 , N 2 O, NO y and O 3 ) correlations in the LMS. Trace gas correlations have been shown to be an effective method to diagnose stratosphere-troposphere exchange (STE) and mixing processes in the LMS. Tracer-tracer correlation methods in the LMS are introduced by Fischer et al. (2000) . A following study, Hoor et al. (2002) , attempted to diagnose the seasonal variation of the tracer-tracer relationship in the LMS. These two studies have concluded that a transition layer is formed in the LMS as a result of troposphere-to-stratosphere transport. Pan et al. (2004) introduced the use of tropopause-relative coordinates in addition of the tracer-tracer correlation methods, and Pan et al. (2007) proposed a set of three diagnostics to evaluate the representation of chemical transport processes in the extratropical tropopause.
This study uses the diagnostics proposed by Pan et al. (2007) that define a statistical way to characterize the location and the thickness of the mixing layer using tracer-tracer relationships. Diagnosing ExTL height and thickness from tracer-tracer relationships is empirical but remains a powerful tool for characterizing the extratropical UTLS region. These types of diagnostics rely on a statistical characterization of the transition layer instead of attempting to identify the tropopause as a single point. Results from these diagnostics therefore provide new perspectives on the transition from stratosphere to troposphere. Hegglin et al. (2009) showed that these diagnostics can be applied to satellite measurements of O 3 , CO and H 2 O to characterize the ExTL seasonal and latitudinal variations in height and depth at the global scale. A multi-model assessment showed that models with coarse vertical resolution are unable to represent faithfully the ExTL at extratropical latitudes (Hegglin et al., 2010) . Due to their coarse resolution, models overestimate the spread and the location in height of the ExTL.
Data assimilation, which combines observational information and a priori information from a model in an objective way (Kalnay, 2003) , has the capability to combine satellite trace gas measurements and chemistry transport models. Data assimilation studies that focused on UTLS chemical fields started with Cathala et al. (2003) , who assimilated subsonic flight-level observations of ozone. Later, Semane et al. (2007) assimilated O 3 data from a limb sounder (Michelson Interferometer for Passive Atmospheric Sounding) to diagnose a case study of STE over arctic regions. It has been shown that assimilation of stratospheric ozone data from a limb sounder improves the spatial structure of the ozone fields in the UTLS. Jackson (2007) and Stajner et al. (2008) have assimilated MLS (Microwave Limb Sounder) O 3 data and shown the added value of data assimilation on UTLS ozone fields in the tropics and in the extratropics. Wargan et al. (2010) use the Ozone Monitoring Instrument and MLS O 3 in a data assimilation experiment to discuss the improvements of data assimilation in the spatial ozone structure in the UTLS and the related limitations due to the model resolution. Barré et al. (2012) have assimilated MLS O 3 at low and high horizontal resolution, and show the impact of data assimilation and resolution on the UTLS spatial structure and on the tropospheric ozone fields. Barret et al. (2008) assimilated MLS CO data to investigate the transport pathway of CO in the African upper troposphere during the monsoon season. Finally, El Amraoui et al. (2010) have used MLS O 3 and MOPITT (Measurement Of Pollution In The Troposphere) CO to diagnose a STE event. This last study showed that assimilated MOPITT CO allows for a better qualitative description of the stratospheric intrusion event.
To constrain the model used in this study, we assimilate O 3 stratospheric profiles from Aura/MLS and Terra/MOPITT CO tropospheric profiles into the MOCAGE (Modèle de Chimie Atmospheriqueà Grande Echelle) chemical transport model (CTM). Data assimilation has the capability to overcome possible deficiencies of the MOCAGE model in the UTLS (see, e.g., Semane et al., 2007; Barret et al., 2008; El Amraoui et al., 2010; Barré et al., 2012) . The aim of this study is to quantify the impact of the assimilation of O 3 and CO data on the UTLS at extratropical latitudes. We use the same case study as presented by El Amraoui et al. (2010) that considers a deep stratospheric intrusion on 15 August 2007 over the British Isles (50 • N, 10 • W). In this previous study, detailed validation demonstrated the capability of CO and O 3 analyses to better represent the STE. The set of diagnostics proposed by Pan et al. (2007) are used here to quantify the capability of CO and O 3 analyses to represent the STE event.
We also propose to extend the set of diagnostics from regional to global scales in the extratropics for the month of August 2007. This allows for us to quantify the capability of MOPITT CO and MLS O 3 assimilated fields to better estimate the chemical ExTL behavior, from a single STE event at the regional scale to an average state of the atmosphere at the global scale. To our knowledge, this is the first time that these diagnostics have been used on chemical analyses from different types of satellite measurements (nadir and limb).
The paper is structured as follows. Section 2 provides the description of the model, the remotely sensed data and the assimilation system. Section 3 provides a brief description of the STE event in August 2007 that was fully evaluated by El Amraoui et al. (2010) . A set of diagnostics proposed by Pan et al. (2007) are used on this case study for the different assimilation experiments. Section 4 extends these diagnostics to the global scale in the extratropics in August 2007. Section 5 provides a discussion of results and conclusions.
Methodology

CTM and data assimilation system
The MOCAGE model is a three-dimensional CTM for the troposphere and the stratosphere (Peuch et al., 1999) that simulates the interactions between physical and chemical processes. It uses a semi-Lagrangian advection scheme (Josse et al., 2004) to transport the chemical species. It has 47 hybrid levels from the surface to ∼ 5 hPa with a resolution of about 150 m in the lower troposphere increasing to 800 m in the upper troposphere, and then constant in the stratosphere. Turbulent diffusion is calculated with the scheme of Louis (1979) , and convective processes with the scheme of Bechtold et al. (2001) . The chemical scheme used in this study is RACMOBUS. It is a combination of the stratospheric scheme REPROBUS (Reactive Processes Ruling the Ozone Budget in the Stratosphere, Lefèvre et al., 1994) and the tropospheric scheme RACM (Regional Atmospheric Chemistry Mechanism, Stockwell et al., 1997) . It includes 119 individual species with 89 prognostic variables and 372 chemical reactions. MOCAGE has the flexibility to be used for stratospheric (El Amraoui et al., 2008a) , tropospheric (Dufour et al., 2005) and UTLS studies (Ricaud et al., 2007; Barré et al., 2012) . The meteorological analyses of Météo-France, ARPEGE (Courtier et al., 1991) , are used to provide meteorological fields. In this study, the model has a global domain with an horizontal resolution of 2 • × 2 • . The assimilation system used in this study is MOCAGE-PALM (Massart et al., 2005) , implemented within the PALM framework (Buis et al., 2006) . The technique used is 3-D-FGAT (first guess at appropriate time, Fisher and Andersson (2001) ). This technique is a compromise between the 3-D-Var (3-D-variational) and the 4-D-Var (4-D-variational) methods. It compares the observations and the model background taking into account the measurement time, and assumes that the increment to be added to the background state is constant over the entire assimilation window (in this case 3 h). The choice of this technique limits the size of the assimilation window, since it has to be short enough compared to chemistry and transport timescales. It has been validated during the assimilation of ENVISAT data project (ASSET, Lahoz et al. (2007) ), and has produced good quality results compared to independent data and other assimilation systems (Geer et al., 2006) . MOCAGE-PALM has been used to assess the quality of satellite O 3 measurements . The MOCAGE-PALM, assimilation products have been used in many atmospheric studies in relation to the O 3 loss in the Arctic vortex (El Amraoui et al., 2008a) , tropics-midlatitudes exchange , STE , exchange between the polar vortex and the midlatitudes (El Amraoui et al., 2008b) and diagnosing STE from O 3 and CO fields (El Amraoui et al., 2010) .
Aura/MLS O 3 and Terra/MOPITT CO observations
The MLS instrument onboard Aura uses limb sounding to measure chemical constituents (such as O 3 ) and dynamical tracers between the upper troposphere and the lower mesosphere (Waters et al., 2006 (Drummond and Mand, 1996) is onboard the Terra platform and measures tropospheric CO with nadir sounding. The horizontal resolution of MOPITT CO data (version 3) is 22 km × 22 km. To prepare the MO-PITT data for assimilation, super-observations are done by averaging data in latitude-longitude bins of 2 • × 2 • . The super-observations give around 8000 daily vertical profiles that are retrieved on seven pressure levels (surface, 850, 700, 500, 350, 250 and 150 hPa) . Information on the vertical sensitivity is provided by the averaging kernels, which are also averaged and are taken into account in the assimilation system. At 500 hPa, the retrieval uncertainties are approximately 20 % in the tropics and at midlatitudes, and 30-40 % at high latitudes.
Assimilation experiments
In this study, we use the same assimilation experiments performed by El Amraoui et al. (2010) , hereafter LEA2010. The initial conditions for the assimilation were obtained by a freemodel run started from the April climatological field. The assimilation of MLS O 3 stratospheric and UTLS profiles and the assimilation of MOPITT CO tropospheric profiles started on 20 July 2007 and involve two independent runs (i.e., the assimilation experiments of O 3 and CO are done separately). We estimate this spin-up period to be sufficient enough to have both O 3 and CO fields well balanced with respect to the atmospheric chemistry and dynamics. The assimilated fields of O 3 and CO have been validated for the month of July and August 2007 by LEA2010 using measurements from ozone sondes, aircraft and other remote sensing instruments. This validation exercise showed better agreement of the analyses of each chemical species than the free-model runs.
O 3 assimilated fields have been evaluated using different types of independent measurements. The bias, root-meansquare error (RMS) and correlation between modeled O 3 and aircraft measurements are −33 ppbv, 38.5 ppbv and 0.83, respectively. The bias, RMS and correlation between assimilated O 3 and aircraft measurements 11.5 ppbv, 22.4 ppbv and 0.93, respectively. The correlation coefficient are 0.66 and 0.82 between OMI total columns (Ozone Monitoring Instrument) and the free-model run and between OMI total columns and the assimilated MLS field, respectively. In a further comparison using an ozonesonde, it is shown that the model underestimates the O 3 concentrations, particularly between 300 and 150 hPa. The assimilation of MLS O 3 profiles corrects this underestimation since the agreement between ozonesonde measurements and the MLS assimilated profile is better than the free-model run profile (see Fig. 7 in LEA2010).
As for O 3 , CO fields have also been evaluated using different types of independent measurements. The bias, RMS and correlation between modeled CO and aircraft measurements are −6.3 ppbv, 16.6 ppbv and 0.71, respectively. The bias, RMS and correlation between assimilated CO and aircraft measurements are 3.16 ppbv, 13 ppbv and 0.79, respectively. AIRS (Atmospheric Infrared Sounder) total CO columns are also used for evaluation. The correlation coefficients between AIRS and modeled CO and between AIRS and assimilated MOPITT CO are 0.51 and 0.75, respectively.
STE case study on 15 August 2007
In this section, we present the case study of a STE event on 15 August 2007 over the British Isles. In the latitude-longitude maps, O 3 analyses (Fig. 1c) show increased values in the STE structure compared to the model. Conversely, CO analyses ( Fig. 1d ) tend to exhibit decreased values in the STE structure compared to the model and also increased values around the STE. Along the vertical, O 3 analyses ( Fig. 2c) show increased O 3 in the 200-300 hPa layer compared to the model O 3 field. For CO analyses, a minimum of CO in the cross section ( Fig. 2d ) is in good agreement with the stratospheric intrusion (between 10 and 0 • W) down to 400 hPa. At the LMS height range and at longitudes around the intrusion, the CO assimilated fields also display higher values than the model CO fields. LEA2010 also showed that CO analyses and O 3 analyses are in better agreement with independent data (MOZAIC flights, WOUDC ozone sondes and remotely sensed data) than the free-model run. A perspective of LEA2010 was to focus on the quantification of the contribution of O 3 and CO assimilated species in the chemical mixing process between the stratosphere and the troposphere. In a CTM context, none of the meteorological fields are modified and only the chemical fields are modified, through the assimilation process. The ExTL diagnosed in this study is then the layer characterizing the chemical transition. In this study, we diagnose how this chemical transition, i.e., an estimate of the ExTL, is modified through the different assimilation experiments. By modifying only the chemical fields, the air mass mixing itself is not modified by the assimilation, but the diagnosed mixing process using the chemical tracer-tracer relationship is. When we refer to mixing in the text it is about diagnosed mixing using the chemical fields. To quantify the contribution of each experiment presented here, we have used the three diagnostics discussed by Pan et al. (2007): 1. O 3 -CO correlations: to empirically select the CO and O 3 values that belong to the stratosphere, the troposphere and the ExTL.
2. Profile comparisons using relative altitude coordinates: to remove the geophysical variability from the planetary wave activity and to diagnose the effect of data assimilation on the UTLS CO and O 3 gradients.
3. Sharpness of the transition: to quantify the depth and the location of the ExTL.
Diagnostic 1: O 3 -CO correlations
Tracer-tracer correlation methods help to identify the chemical transition between the stratosphere and the troposphere and the mixing processes in the LMS Zahn et al., 2000; Hoor et al., 2002 Hoor et al., , 2004 Pan et al., 2004 Pan et al., , 2007 . Tracer-tracer correlation methods are effective to diagnose mixing in the ExTL. Pan et al. (2007) . In Fig. 2 , low CO values are mainly located in the stratosphere (above the 380 K isentrope) in the MOCAGE CO and in the MOPITT CO analyses. A quadratic fit is done with the CO values less than 25 ppbv. CO values that are below +3σ (where σ is the standard deviation of the selected data) from the fit are considered as stratospheric (blue dots in Fig. 3) . The tropospheric branch, where low O 3 variability and high CO variability are observed, is also empirically identified with a selection criterion defined by Pan et al. (2007) . In Fig. 3 ). Between these two branches a set of points (green dots in Fig. 3 ) mark a chemical transition between the stratosphere and the troposphere.
The "L" shape is detected in the four O 3 -CO correlations, but the transition differs significantly between them. The transition is composed by mixing lines corresponding to O 3 -CO vertical relationships for each latitude-longitude location of the model. To illustrate this concept we have plotted in black the points located between 20 and 0 • W on the 59 • N vertical plane corresponding to the stratospheric air mass intrusion displayed in the cross sections (Fig. 2) . We also have overplotted a quadratic fit of these points in Fig. 3 ; coefficients of the fit are provided in Table 1 . The model O 3 vs. model CO shows a "convex" and compact relationship in the chemical transition. This "convex" behavior can be understood as a transition of a chemical regime between the stratosphere and the troposphere. Hoor et al. (2002) explains the convex curvature of the correlation as the result of a combination of dynamical and photochemical effects. However, in Hoor et al. (2002) , the convex curvature in the correlation was observed during late winter (March), whereas a linear relationship is observed in summer (July). A linearity in the transition indicates a rapid mixing of tropospheric and stratospheric air masses. In our case study, the convex curvature diagnosed in the O 3 -CO correlations does not indicate a rapid mixing process as expected in a STE.
Following Plumb (2007) the compactness of the tracertracer correlation is proportional to the variation of the chemical fields along isentropic surfaces. In the case of the freemodel run and in the region of interest, the chemical variability at tropopause altitudes is relatively low following the isentropic lines (see Fig. 2a and b) . This low variability is diagnosed by a compact correlation between O 3 and CO values in the transition layer. The dots located in the transition region are merged in the same slope, indicating the same behavior of the O 3 -CO correlations at different locations. Hoor et al. (2002) also suggests that mixing occurring only episodically, or involving very different tropospheric air masses (e.g., rather different CO concentrations), would spread the compact relationship in the transition layer. Then the low spread in the O 3 -CO correlations observed here suggests a low mixing activity represented by the model during the STE. (Fig. 3b ) is less compact, showing different shapes of mixing lines at different locations. This illustrates the O 3 variability following the isentropes induced by MLS assimilation at tropopause altitudes (see Fig. 2c ). As mentioned above, a less compact O 3 -CO relationship corresponds to a mixing process occurring episodically. Some of the the mixing lines show a strong "concave" shape owing to the stratospheric air mass intruding the troposphere, characterized by high ozone mixing ratio values. In Fig. 2c , a maximum of ozone is observed between 200 and 250 hPa and between 20 and 0 • W corresponding to stratospheric air masses intruding the upper troposphere. However, the free-model CO fields do not show a strong CO decrease in the location of the intrusion. The CO and O 3 values are not consistent between each other, leading to a specific "concave" correlation at the location of the intrusion. In other locations, the O 3 -CO relationship does not show a concave correlation. The model O 3 vs. CO analyses correlations (Fig. 3c) show a more angular "L" shape and a less compact relationship than model O 3 vs. model CO correlations. The assimilation process induces a less compact relationship that is due to the increased variability of the upper tropospheric CO values. As mentioned above, this suggests more diagnosed mixing between the stratosphere and the troposphere. In the MO-PITT analyses, the CO values are more variable following the isentropes. In this case CO values are decreased in the chemical transition and tend to be increased in the upper troposphere except in the location of the intrusion where CO values are decreased (see Fig. 2d ). In general, mixing lines tend to be pulled toward the lower-left corner, corresponding to less mixing. At the location of the intrusion, the relationship is the less curved, and the slope of the fit is decreased compared to the model O 3 vs. model CO fit (see Table 1 ).
In this comparison (i.e., model O 3 vs. CO analyses), only CO fields are assimilated, and O 3 fields are not. As diagnosed for O 3 analyses vs. model CO correlations, the CO analyzed fields are then not chemically consistent with model O 3 fields. However, correlation plots do not show a specific "concave" curve fit because a tropospheric CO product (MO-PITT CO) is assimilated. Even if CO is decreased in the location of the intrusion and increased around it (Fig. 2d) , the dots in the correlation plot will only move in the CO dimension. The MOPITT sensitivity is mainly tropospheric, and detects the intrusion as a minimum of CO visible in the analyses between 300 and 400 hPa and between 20 and 0 • W (Fig. 2d) (where the dynamical tropopause is the lowest in height). Unlike the O 3 analyzed fields, no drastic changes can be noted in the CO analyzed fields in the lower stratosphere (around 360 K and 380 K levels). Table 1 ). This is due to a better O 3 -CO consistency when both species are assimilated than when only one is assimilated. In this section, we use O 3 -CO correlations to select empirically the chemical transition points in order to have an estimate of the ExTL. The impact of assimilation of O 3 and CO fields on the correlations is discussed. We also diagnose in the next sections how the assimilation of MO-PITT CO and MLS O 3 data affects the spatial extent of the estimated ExTL.
Diagnostic 2: profile comparisons using relative altitude coordinates
In the second diagnostic, we analyze the tracer behavior in altitude coordinates relative to a chosen tropopause level. Because rapid changes in height of tracer concentrations happen near the tropopause, it is helpful to use a tropopauserelative vertical coordinate to reduce the geophysical variability caused by wave activity at synoptic and planetary scales. The thermal tropopause has been used as a reference level by Pan et al. (2007) and Pan et al. (2004) to calculate relative altitudes. The thermal tropopause and the dynamical tropopause can provide double thermal or dynamical tropopause features related to Rossby-wave breaking processes and associated transport (Pan et al., 2009; Homeyer et al., 2010) . These double tropopause structures lead to difficulties in calculating diagnostics and in their interpretation. Figure 2 displays the location of the lower values of the thermal tropopause (green circles). We then choose the lowest levels of the thermal tropopause as reference level to calculate relative altitudes. Figure 4 provides O 3 and CO profiles in relative altitude (RALT) coordinates for the four O 3 -CO correlations. Blue, red and green represent the stratospheric, tropospheric and transition CO and O 3 values, respectively, as selected in Sect. 3.1. Horizontal dashed lines provide the upper and lower estimated ExTL "boundaries" in RALT, corresponding to the 10 and 90 % deciles. More extreme percentile values, for example 2 and 98 %, could be chosen but would be influenced by extreme ExTL selected points, and might show strong variations in RALT space. Because the selection criteria are empirical and can allow for extreme RALT location ExTL points, we then decided to remove 10 % of each side of the distribution in order to have a reasonable indicator for the ExTL boundaries location. In the free-model run simulations the upper and lower boundaries of the estimated ExTL are diagnosed at approximatively 3 and −1 km, respectively ( Fig. 4a and d ). Positive and negative altitudes are below and above the thermal tropopause, respectively. Compared to the free-model run, O 3 analyses (Fig. 4b) show more O 3 in the ExTL (green dots) and in the troposphere (red dots). In relative altitude, the estimated ExTL extends into the troposphere to −3 km. The upper boundary height is not significantly modified but the lower boundary is lowered by 2 km. It has been shown that the tropospheric O 3 concentrations in MLS analyses (with MOCAGE) are increased due to downward transport during the STE event (Barré et al., 2012) . Thus, some increased upper tropospheric O 3 values are greater than the tropospheric threshold defined in Sect. 3.1. In the CO profiles, analyses (Fig. 4e) show values greater than the values of the free run in the troposphere and lower than the values of the free run in the stratosphere. This leads to a stronger CO gradient in the ExTL around the thermal tropopause. This stronger gradient does not give a significantly narrower extent of the ExTL boundaries in RALT coordinates. The location of the estimated ExTL boundaries could differ significantly in the RALT space depending on O 3 analyses, and CO analyses are used separately or together. When O 3 analyses and CO analyses are used together in the diagnostics (Fig. 4c and f) , the heights of the boundaries are close to those found on O 3 analyses and model CO. In the next section, we further examine in detail the estimated ExTL distributions in the RALT space.
Diagnostic 3: sharpness of the transition
The third diagnostic provides the distribution of the estimated ExTL in relative altitude space (as defined in Sects. 3.1 and 3.2). The shape of the estimated ExTL distribution will allow for us to quantify its location and depth. Figure 5a- Table 2 provides the heights of the mean and the standard deviation of the estimated ExTL distributions in relative altitude space. The free-model run distribution has its mean height at 1.42 km above the thermal tropopause with a standard deviation of 1.3 km. Studies using in situ aircraft measurement show that the ExTL is centered on the thermal tropopause with a narrower extent than observed in this study (Pan et al., 2004 (Pan et al., , 2007 . In a multi-model assessment, Hegglin et al. (2010) showed that models simulate an ExTL that is wider than observed in satellite observations, and shifted above the thermal tropopause. The low vertical resolution (800 m) in the model UTLS layers and also the low horizontal resolution (2 • × 2 • ) used in this study is not sufficient to represent the sharp gradients of O 3 and CO observed at Table 2 ) but a lower mean value of about 0.45 km. As described in Sect. 3.2, an increase of tropospheric O 3 values leads to a broadening of the estimated ExTL (down to RALT = − 4 km) in the troposphere. No significant changes in the stratosphere (positive RALT values) of the distribution can be noted. The increase of O 3 in the upper troposphere leads to increase of the estimated ExTL depth toward negative RALT. Due to the low sensitivity of the stratospheric selection criterion to the O 3 variations, the stratospheric side of the estimated ExTL is not significantly modified. However, the STE is detected by the tropospheric selection criterion, and the distribution becomes skewed toward negative RALT coordinates. Pan et al. (2004) showed that skewed distributions, particularly toward negative relative altitudes, indicate active mixing from the stratosphere to the troposphere. Validation against independent measurements as in Barré et al. (2012) and LEA2010 shows that UTLS ozone fields are improved by MLS assimilation, and the overall effect of MLS assimilation is to increase the LMS ozone fields. Barré et al. (2012) also show that MLS assimilation increments in the lower stratosphere are transported into the troposphere during STE events. This impacts the troposphere by increasing its ozone mixing ratio. According to these previous studies, MLS analyses induce a more intense ozone mixing between the stratosphere and the troposphere. This ozone mass mixing should not to be confused with the air mass mixing, which is not changed in a CTM context. The skewed shape of the distribution then indicates this more intense ozone mixing from the stratosphere to the troposphere in MLS O 3 analyses than in the free-model run. Despite a wider spread of the estimated ExTL distribution, the O 3 analyses vs. model CO ExTL distribution shows a mean height closer to the thermal tropopause than the model O 3 vs. model CO ExTL distribution. This is consistent with Fig. 2c , where the height of ozone gradient in the O 3 analyses have a better match with the thermal tropopause height.
Compared to model O 3 vs. model CO distributions and the O 3 analyses vs. model CO distributions, the model O 3 vs. CO analyses provides a narrower estimated ExTL (Fig. 5c) . The means of the distributions are reduced compared to model O 3 vs. model CO distribution, but not as much as for the O 3 analyses vs. model CO (see Table 2 ). The standard deviation is very slightly reduced (by 0.01 km). Compared to the freemodel run, CO analyses increase CO concentrations in the upper troposphere around the STE. However, at the location of the intrusion, the reduced CO values in the upper troposphere are not detected by the tropospheric selection criterion (described in Sect. 3.1), which is not very sensitive to CO variations. Moreover, the stratospheric selection criterion is highly sensitive to CO variations. Compared to the model O 3 vs. model CO, the spread of the model O 3 vs. CO analyses distribution is reduced in the stratospheric side (positive RALT), whereas the tropospheric side (negative RALT) is not significantly modified. This lowers the mean value of the distribution.
The O 3 analyses vs. CO analyses distributions (Fig. 5d ) have the same shape as the model O 3 vs. model CO distribution but are not narrowed. The mean of the distribution is very close to the thermal tropopause (0.16 km). The standard deviations are slightly lower than those of the O 3 analyses vs. model CO distributions but larger than those of the model O 3 vs. model CO distributions. The estimated ExTL distribution benefits from the combination of the information provided by O 3 analyses and CO analyses. CO analyses reduce the estimated ExTL distribution extent on its the stratospheric side and O 3 analyses increase the estimated ExTL distribution extent on its tropospheric side. Pan et al. (2004) found using aircraft measurements that the center of the ExTL is statistically associated with the thermal tropopause, and the thickness of this layer is ∼ 2-3 km in the midlatitudes. In Table 2 , the thickness of the estimated ExTL is ∼ 3 km (2σ ), and the mean and median values are lowered by ∼ 1 km. Moreover, because of the rapid overturning of air masses in the troposphere and high static stability in the stratosphere, stratosphere-to-troposphere transport (STT) shows deeper signatures in altitude than troposphereto-stratosphere transport (TST) (Hoor et al., 2002) . Consequently, during STT events, the ExTL will show a skewed distribution toward negative RALT. This skewed distribution is only seen with O 3 analyses, which provide increased O 3 values in the LMS and below (see for example Fig. 2c ) and allow for detection of the appropriate STT in these diagnoses.
Data assimilation of stratospheric O 3 limb measurements makes the following possible:
i. It allows for the detection of deep stratospheric intrusion by providing better lower stratospheric ozone fields (see validation in LEA2010). The estimated ExTL distribution is skewed, extended and lowered as expected in a case of a stratospheric intrusion. ii. It increases the ozone mixing ratio in the upper troposphere (Barré et al., 2012) , resulting in an increase of the ExTL distribution spread.
Data assimilation of tropospheric CO nadir measurements has the following effects:
i. It does not allow for detection of deep stratospheric signatures as efficiently as O 3 limb measurements. The ExTL distribution is not significantly lowered and not skewed.
ii. It improves the upper tropospheric CO fields (see validation in LEA2010), providing a sharper CO gradient in the UTLS and narrowing the ExTL distribution in its stratospheric side.
Global ExTL for the month of August 2007
In this section, we apply the diagnostic of Sect In the model O 3 vs. model CO distributions, the estimated ExTL has latitudinal variations in the RALT space (Figs. 7a  and 8a ). In the Southern Hemisphere, the estimated ExTL follows the 2 PVU line (mean and median values), although 1.5 to 2 km above it. In the Southern Hemisphere the mean and median values of the estimated ExTL are located around the thermal tropopause. The estimated ExTL is located on negative RALT near the South Pole, positive RALT at the midlatitudes and RALT close to 0 • at the subtropics. This variation of altitudes is more visible on distributions calculated with daily diagnostics than with monthly diagnostics for reasons mentioned above (the fields are smoothed). In the Northern Hemisphere the location of the estimated ExTL is found above the thermal tropopause by 1 to 2 km. Between 20 and 50 • N the estimated ExTL is located at 0.8 and 0.6 km for daily and monthly diagnostics, respectively (Tables 3 and  4 ) . Between 50 • N and the North Pole the estimated ExTL is located at 2 and 1.9 km for daily and monthly diagnostics, respectively (Tables 3 and 4) .
The standard deviation of the estimated ExTL distribution shows higher values in the Northern Hemisphere. In the Sect. 3 we have shown that the estimated ExTL distribution is wider at the location of STE events. In the case of a global diagnostic, a wider extent of the estimated ExTL corresponds to a tendency of deeper exchanges between the stratosphere and the troposphere. The wider extent of the estimated ExTL in the Northern Hemisphere can be interpreted at the global scale as more intense STE activity. Two maxima of estimated ExTL thickness are also identified in both hemispheres near 35 • S and 35 • N, corresponding to the location of the subtropical jets where mixing processes occur (Gettelman et al., 2011) . Pan et al. (2004) deduced from aircraft observations (in the Northern Hemisphere) of O 3 and CO an ExTL centered at the thermal tropopause with a thickness between 2 and 3 km expanding into a thicker layer in the vicinity of the subtropical jet.
The O 3 analyses vs. model CO data provides slightly wider distributions for the estimated ExTL for all latitudes (Figs. 7b and 8b ) with a standard deviation that is increased by up to 0.5 km (between 50 • N and the North Pole). When stratospheric O 3 profiles are assimilated, the model is unable to improve the strong O 3 gradients observed in the UTLS. These wider distributions also suggest a more intense O 3 mixing produced by MLS assimilation. As explained in Sect. 3.3, MLS assimilation increments that increase O 3 in the LMS are advected through the tropopause and then increase the O 3 mixing. O 3 analyses move the estimated ExTL location to lower altitudes and always have median and mean values of the distribution below the 380 K level. The mean values of the distributions are significantly lowered in the Northern Hemisphere by −0.6 km in the subtropics and by −0.9 km in the middle and polar latitudes closer to the thermal tropopause. In the Southern Hemisphere the estimated ExTL mean location is not lowered as much (less than 0.1 km) than in the Northern Hemisphere. This is can be explained by a significant increase of ozone in the LMS in the Northern Hemisphere but not in the Southern Hemisphere (Fig. 6c) . Model O 3 vs. CO analyses (Figs. 7c and 8c) show reduction in the estimated ExTL thickness. The layer thickness is strongly reduced, as reflected in a reduction of the standard deviation by about −0.38 km in the Northern Hemisphere and by −0.18 km in the Southern Hemisphere. The mean and the median values match the thermal tropopause poleward of 50 • S but remain 1.5 to 2 km above the thermal tropopause poleward of 50 • N.
The distributions of O 3 analyses vs. CO analyses (Figs. 7d and 8d) combine the ExTL representation of the two Tables 3 and 4 ). In a general manner, the most significant changes in the estimated ExTL distributions are located in the Northern Hemisphere. The location of the estimated ExTL is lowered close to the thermal tropopause (due to O 3 analyses), and the spread of the distributions is conserved (due to CO analyses). No significant changes can be noted in the Southern Hemisphere, except near the South Pole in the daily distributions. In the subtropical latitudes, the estimated ExTL is located 1 km below the thermal tropopause. This region is subject to the thermal tropopause break at the location of the subtropical jet providing an instance of a double tropopause. It has been shown that the ExTL, at these latitudes, has a contribution from the subtropical jet, the tropical tropopause layer and the midlatitudes lowermost stratosphere, forming complex structures in the ExTL as double thermal tropopause features (Vogel et al., 2011) . In this study, only the lower thermal tropopause altitudes have been taken in account to perform the diagnostics. At subtropical latitudes, the ExTL distribution could be more centered on the higher thermal tropopause occurrence, where strong tropospheric-to-stratospheric intrusions from the tropical tropopause layer are existent. This could impact the diagnostics providing shifted ExTL distribution on positive RALT.
In this section, we have shown the impacts of data assimilation on the the ExTL representation between the stratosphere and the troposphere at a global scale in the extratropics. Due to the shape of the O 3 -CO relationship and the selection criteria described in Sect. 3.1, the upper bound of the ExTL distribution is mostly sensitive to CO variations, whereas the lower bound of the ExTL distribution is mostly sensitive to O 3 variations. CO analyses have more influence on the stratospheric side of the estimated ExTL and reduce the mixing layer depth. O 3 analyses have more influence on the tropospheric side of the estimated ExTL and are not able to reduce the estimated ExTL depth but have the capability to represent deeper STE signatures at extratropical latitudes. This lowers the location of the estimated ExTL closer to the thermal tropopause. A combination of these two analyses shows significantly better results than each analysis separately: the estimated ExTL location matches the thermal tropopause location at middle and polar latitudes, and its spread is in the range of what is observed by in situ and satellite measurements studies. In the Northern Hemisphere, Pan et al. (2004) deduced from aircraft observations that the ExTL thickness is 2-3 km at midlatitudes, with enhanced values in the vicinity of the subtropical jet. In Tables 3 and  4 , the O 3 analyses vs. CO analyses distribution shows a standard deviation (2σ ) in a range from ∼ 2.7 to ∼ 3.4 km between 50 and 90 • N. Hegglin et al. (2009) found in satellite measurements an ExTL depth in extratropical latitudes between 1.5 and 4 km that matches our results.
Discussions and conclusions
In this study, we use the statistical diagnostics defined by Pan et al. (2004) and Pan et al. (2007) to provide a quantitative description of the impact of MLS O 3 and MOPITT CO analyses produced by data assimilation on the ExTL. Firstly, we focus on a STE case study documented and validated by El Amraoui et al. (2010) . O 3 -CO relationships are used to estimate the height and depth of the ExTL. Two different O 3 fields are provided, a MOCAGE free-model run and MLS analyses; and two different CO fields are provided, a MOCAGE free-model run and MOPITT analyses. Then four O 3 -CO relationships are studied. Diagnosing assimilated fields with tracer-tracer correlations allows for us to evaluate the consistency between the different fields (assimilated or not). A direct conclusion of this study is the following: it is necessary to have assimilated each tracer field that is diagnosed to keep a relative consistency. The following question is left open: does assimilation of exactly collocated measurements of different tracers (e.g., from the same atmospheric sounder) provide a better consistency in the tracer-tracer relationship?
In addition to diagnosing the effect of data assimilation on the O 3 -CO relationship, we also diagnose the ExTL estimated distribution in the relative altitude space. The free-model run O 3 -CO relationship shows a 2.5 km wide ExTL distribution that is centered 1 km above the thermal tropopause. This distribution shows the typical behavior of the models representing the atmospheric composition, namely an overestimation of the ExTL depth and of its location in height, above the thermal tropopause. MLS O 3 analyses extend the spread of the distribution toward tropospheric altitudes due to an increase of O 3 values in the UTLS. This increases the depth of the ExTL by about 1 km and lowers the mean location by 0.7 km closer to the thermal tropopause. The estimated ExTL distribution is skewed toward tropopause-relative altitudes, showing the capability of MLS O 3 analyses to accentuate the ozone signature of the STE event. MOPITT CO analyses have the capability to sharpen the CO gradient in the UTLS. This slightly reduces the spread of the ExTL on its stratospheric side, showing a mean location closer to the thermal tropopause. Due to the low sensitivity to CO tropospheric variations of the diagnostics used in the present study, MOPITT CO analyses do not show a signature of STE in the estimated ExTL distributions. In combining the information provided by MLS O 3 analyses and MOPITT CO analyses, the estimated ExTL distribution has a more realistic shape and location. The ExTL mean location is centered on the thermal tropopause, but the spread of the ExTL is increased compared to the free-model run. It has been shown that models simulate an ExTL deeper than observed in aircraft measurements, and shifted above the thermal tropopause (Hegglin et al., 2010) . This is due to the limited vertical and horizontal resolutions of the models, as well as the lack of representativeness in the aircraft observations. However, data assimilation of CO and O 3 satellite measurements helps to improve the representation of the ExTL, and tries to overcome the limitation due to the relatively low model resolution.
We also extend the diagnostics at global extratropical latitudes for the August 2007 time period. MLS O 3 analyses show a spread of the estimated ExTL distribution toward the surface, which lowers its mean location closer to the thermal tropopause. MOPITT CO analyses reduce the spread of the estimated ExTL on its stratospheric side, which also lowers its mean location closer to the thermal tropopause. When MLS O 3 analyses and MOPITT CO analyses are used together, a synergistic effect is observed. The ExTL location poleward of 50 • N and 50 • S matches the thermal tropopause, and the depth of the estimated ExTL is conserved compared to the free-model run O 3 -CO diagnostics. As shown in the case study, the STE is characterized by the tropospheric extent of the ExTL. In the global diagnostics, MLS O 3 analyses increase the tropospheric extent of the ExTL distribution below the 2 PVU level, showing a more intense O 3 mixing from stratosphere to troposphere. Further investigation is needed, for example using O 3 and CO fields analyses over longer timescales (e.g., more than 1 yr) to diagnose the seasonal behavior of the ExTL.
